Introduction: The long-term safety of dimethyl fumarate (DMF) in patients with relapsingremitting multiple sclerosis (RRMS) has been studied in mainly Caucasian patients. The present interim analysis aimed to evaluate the 72-week safety of DMF in Japanese patients with RRMS. Methods: Safety data of Japanese subjects enrolled in the 24-week randomised, doubleblind, placebo-controlled APEX study (Part I) and its following open-label extension (Part II)
INTRODUCTION
Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous system [1] and, with an estimated 2.3 million people affected, it is one of the most common neurological disorders worldwide [2] .
In MS, autoimmune lymphocytic infiltration of the brain and spinal cord causes demyelination and damages the axons. Early in the course of the disease, these alterations are reversible and manifest as episodes of neurological symptoms (relapses), followed by recovery [1] . Relapsing-remitting MS (RRMS) accounts for approximately 85% of MS cases at diagnosis [2] . During the latter stages of the disease, widespread microglial activation and oxidative stress lead to extensive neurodegeneration, the extent of recovery is reduced and patients develop secondary progressive MS [2] . Therefore, the objectives of MS therapy include reducing the frequency of relapses and delaying disease progression. The pathophysiology of MS in Caucasian and Asian patients is similar; however, the prevalence and disease activity of primary progressive MS and RRMS are lower in Japan than in Western countries. Furthermore, differences in genetic and environmental factors may have an impact on the efficacy and safety of MS therapeutics [3, 4] .
Dimethyl fumarate (DMF) is an oral diseasemodifying drug whose mechanism of action includes anti-inflammatory/immunomodulatory and neuroprotective/cytoprotective effects [5, 6] . DMF was approved for first-line treatment of relapsing forms of MS in the USA in 2013 and for RRMS in the European Union in 2014 [7] . In Japan, DMF received marketing approval in December 2016 for the prevention of relapses and delaying the progression of disability in patients with MS [7] .
In previous phase 3 clinical studies, DMF significantly reduced relapse rates and improved measures of disease progression, and magnetic resonance imaging (MRI) parameters, such as the number of gadolinium-enhancing (Gd?) and T2-weighted lesions [8] [9] [10] . In addition, DMF demonstrated a favourable safety profile and the incidence of adverse events (AEs) was similar to that observed with placebo (PBO) [8] [9] [10] . AEs that were most consistently associated with DMF include flushing and gastrointestinal events [8] [9] [10] .
To date, there are few reports addressing the safety of DMF in Japanese patients with RRMS; in particular, safety data in patients who have been treated for more than 1 year is scarce. APEX was a phase 3 study conducted in patients with RRMS from East Asia (including Japan) and Eastern Europe to evaluate the efficacy and safety of DMF. APEX consisted of two parts: a 24-week, randomised, double-blind, PBO-controlled main study (Part I) and an open-label extension with a follow-up duration of up to 4.5 years (Part II). The initial efficacy analyses of the Japanese patients in Part I of APEX had shown that DMF improved radiological signs and clinical symptoms of MS [11] , and these improvements were further confirmed by a subsequent efficacy analysis of the Japanese patients enrolled in Part II of the study [12] . Both of these findings were consistent with those observed in Caucasian patients receiving DMF. This interim report presents safety data collected from the main study baseline up to 72 weeks of treatment in Japanese patients with RRMS enrolled in the trial.
METHODS
The APEX study was conducted at 54 sites located in Japan, South Korea, the Czech Republic and Poland. Only Japanese subjects were included in the present interim analysis. Part I began in March 2013 and was competed in April 2016, while Part II began in September 2013 and the cut-off date for this interim analysis was 29 April 2016. Subjects aged 18-55 years who were diagnosed with RRMS according to the revised McDonald criteria [13] , had an Expanded Disability Status Scale (EDSS) score of 0.0-5.0 and experienced at least one relapse during the 12 months prior to randomisation or had a Gd? lesion of the brain on an MRI performed within 6 weeks prior to randomisation were included in Part I. Diagnosis of primary progressive, secondary progressive or progressive relapsing MS, as defined by Lublin and Reingold [14] , and diagnosis or history of neuromyelitis optica constituted the main exclusion criteria.
In Part I, subjects were randomly assigned at a 1:1 ratio to receive DMF 240 mg or matching PBO twice daily over the course of 24 weeks (Fig. S1 ). Subjects were instructed to take the study treatment orally with food by swallowing it without chewing. Subjects who completed Part I, including those who prematurely discontinued study treatment, but completed all scheduled visits, were eligible to proceed to Part II. Subjects who discontinued Part I because of AEs or for any other reason, except protocoldefined relapse and progression of disability, were excluded. During Part II, all subjects received open-label DMF 240 mg twice daily (Fig. S1) .
Safety assessments included collection of AEs, physical and neurological examinations, vital signs, 12-lead electrocardiogram (ECG), haematology, blood chemistry, lipid profile and urinalysis. In Part I (weeks 0-24), these assessments were carried out every 4 weeks, except physical and neurological examination and 12-lead ECG, which were carried out every 12 weeks. In Part II (weeks 24-72), safety assessments were carried out every 4 weeks until 
Data are presented as n (%) AE adverse event, ALT alanine aminotransferase, AST aspartate aminotransferase, DMF dimethyl fumarate, MS multiple sclerosis, PBO placebo a Occurred at an incidence at least 2% higher in the DMF group than the PBO group Regulatory Activities (MedDRA), version 13.1. Lymphocyte counts were categorised using the 9 cells/L). All subjects who received at least one dose of study treatment were included in the safety analysis. Safety endpoints included the incidence of AEs, serious AEs (SAEs) and changes in laboratory parameters. AEs of special interest included flushing and related symptoms, gastrointestinal events, infections (including potential opportunistic infections), cardiovascular disorders, hepatic and renal disorders, as well as malignancies.
The study protocol was approved by the ethics committees of participating institutions. The study was conducted in accordance with the ethical principles outlined in the Declaration of Helsinki and complied with local and international guidelines and regulations. All patients provided written informed consent before any evaluations or procedures were performed.
RESULTS
At the beginning of the study, 115 Japanese patients were randomised to receive DMF 240 mg (n = 56) or matching PBO (n = 58) twice daily, and one subject refused treatment before the first dose was administered (Fig. S2 ). Baseline characteristics of Japanese subjects were well balanced between treatment groups at the beginning of both Part I and Part II (Table 1) .
During Part I, three subjects (5%; due to liver disorder: n = 1; consent withdrawn: n = 1; confirmed pregnancy: n = 1) in the DMF group and five subjects (9%; due to liver function test abnormal: n = 1; relapse of MS: n = 1; consent withdrawn: n = 3) in the placebo group discontinued treatment prematurely; all remaining subjects entered Part II (DMF/DMF: n = 53; PBO/DMF: n = 53). During Part II, five subjects (9%; due to relapse of MS: n = 1; consent withdrawn: n = 3; stop taking DMF by subject: n = 1) in the DMF/DMF group and 11 subjects (21%; due to abdominal pain: n = 1; ALT increased and AST increased: n = 1; consent withdrawn: n = 6; confirmed pregnancies: n = 3) in the PBO/DMF group discontinued treatment prematurely. Reasons for treatment discontinuation are shown in Supplementary  Tables S1 and S2 . At week 72 (interim analysis data cut-off), 48 subjects (91%) in the DMF/ DMF group and 42 subjects (79%) in the PBO/ DMF group continued to receive study treatment.
Part I
AEs and SAEs During Part I, at least one AE was reported by 95% of subjects (n = 53) in the DMF group and 84% of subjects (n = 49) in the PBO group (Table 2) . AEs related to study treatment were more common in subjects who received DMF (n = 36; 64%) than in those who received PBO (n = 16; 28%). The proportions of subjects who experienced SAEs were similar between the two groups (DMF: n = 10, 18%; PBO: n = 11, 19%; Table 3 ). Relapses of MS were more common in the PBO group (47%) than the DMF group (29%). Table 3 Serious adverse events that occurred during Part I Serious adverse events PBO (n = 58) DMF (n = 56) Any 11 (19) 10 (18) Pyelonephritis
Relapse of MS 11 (19) 7 (13) Humerus fracture
Fallopian tube cancer 1 (2) 0 (0)
Data are presented as n (%) DMF dimethyl fumarate, MS multiple sclerosis, PBO placebo
AEs of Special Interest
The majority of AEs of special interest were more common in the DMF group than in the PBO group; this included flushing and related events (DMF: n = 14, 25%; PBO: n = 3, 5%), gastrointestinal events (DMF: n = 20, 36%; PBO: n = 11, 19%), infections (DMF: n = 27, 48%; PBO: n = 24, 41%), cardiovascular events (DMF: n = 2, 4%; PBO n = 0) and hepatic events (DMF: n = 9, 16%; PBO: n = 4, 7%). No opportunistic infections were reported. The incidence of urinary events was similar in the two groups (DMF: n = 2, 4%; PBO: n = 3, 5%). One subject in the PBO group was diagnosed with cancer (ovarian neoplasm and fallopian tube cancer), while no malignancies were reported in the DMF group. Among subjects receiving DMF, the incidence of gastrointestinal events and flushing and related events was highest during the first month of treatment, but declined thereafter (Fig. 1a, b) .
Onset of Noteworthy AEs
During the first 4 weeks of the study, the median (earliest, latest) day of onset of gastrointestinal events was 10 (1, 14) for diarrhoea (n = 7), 10.5 (2, 28) for nausea (n = 6) and 10.5 (9, 12) for abdominal pain (n = 2); while the median (earliest, latest) day of onset of flushing and related symptoms was 1.5 (1, 2) for flushing (n = 6) and 1.0 (1, 1) for hot flush (n = 6), respectively (Table 4) .
Discontinuation Due to AE During Part I, one subject in the DMF group discontinued treatment because of an AE (liver disorder), while two subjects in the PBO group discontinued treatment because of AEs (liver function test abnormal: n = 1; MS relapse: n = 1).
Part II

AEs and SAEs
At least one AE was reported by the majority of subjects during Part II (DMF/DMF: n = 48, 91%; PBO/DMF: n = 48, 91%; Table 2 ). Overall, the incidence of AEs in the PBO/DMF group was similar to that in the DMF group during Part I. SAEs were reported by eight subjects in the PBO/ DMF group (15%) and seven subjects in the DMF/DMF group (13%; Table 5 ). Treatment-related AEs were also more common in the PBO/ DMF group (n = 32, 60%) than in the DMF/DMF group (n = 25, 47%). At week 72, 52% of subjects in the PBO/DMF group and 41% of subjects in the DMF/DMF group experienced relapses of MS. The proportion of subjects who experienced at least one AE was higher in the PBO/ DMF (79%) group than in the DMF/DMF group (64%) during the first 3 months of Part II; however, the difference declined thereafter Data are presented as n (%) DMF dimethyl fumarate, MS multiple sclerosis, PBO placebo (Table 6 ). The incidence of flushing, gastrointestinal and skin events as well as increases in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) was similar in the PBO/ DMF and DMF/DMF groups and remained stable throughout the study.
AEs of Special Interest
The incidence of several AEs of special interest was higher in the PBO/DMF group than in the DMF/DMF group, including flushing and related events (26% vs 8%, respectively) and hepatic disorders (21% vs 11%, respectively). The incidences of other AEs of special interest were similar in the PBO/DMF and DMF/DMF groups (gastrointestinal AEs: 30% vs 28%; infections: 62% vs 64%; cardiovascular events: 6% vs 6%; renal disorders: 4% vs 4%; respectively). No opportunistic infections nor malignancies were reported during Part II.
Discontinuation Due to AEs
During Part II, one subject in the DMF/DMF group discontinued treatment because of an AE (MS relapse), while two subjects in the PBO/ DMF group discontinued treatment because of AEs (abdominal pain: n = 1; increased ALT and AST: n = 1).
Laboratory Parameters During Part I and Part II
Lymphocyte Count During Part I, mean lymphocyte count decreased in the DMF group by 17%, while it was stable in the PBO group (Fig. 2a) . During Part II, mean lymphocyte count in the DMF/ DMF group remained stable, while in the PBO/ DMF group it declined to approximately the same level as in the DMF group during Part I.
Eosinophil Count
During Part I, a steep increase in eosinophil count was observed in the DMF group at 4 weeks, while no such increase was observed in the PBO group (Fig. 2b) . This spike was considered temporary and the eosinophil counts were similar in the two groups for the remainder of the study.
ALT, AST
At week 4, an increase in ALT was observed in the DMF group during Part I, while in the PBO group, ALT levels remained stable (Fig. 2c) . A similar increase was observed in the PBO/DMF group at week 28 of Part II. In both instances, ALT values normalised without treatment and no symptoms were observed at the next assessment. A similar pattern was observed for AST values (Fig. 2d) .
Worst Post-Baseline Lymphocyte Count by CTCAE Grade
At the beginning of Part I, three subjects in the DMF/DMF group had a Grade 1 decrease in the lymphocyte count, while 53 subjects had normal lymphocyte counts. All subjects in the PBO/DMF group had normal lymphocyte counts at baseline (Fig. 3a) . During the study, lymphocyte count never decreased below the lower limit of normal (LLN) in 84% of subjects (41/49) in the PBO/DMF group and 77% of subjects (41/53) in the DMF/DMF group. Of the three subjects in the DMF/DMF group who had Grade 1 decrease in lymphocyte count at the beginning of Part II, two patients developed a Grade 2 decrease in lymphocyte count, while in the other patient, the lymphocyte count did not decrease below the LLN during Part II. Grade 3 decreases in lymphocyte count were recorded in one subject in the DMF/DMF group during Part II (Fig. 3b) .
DISCUSSION
The present interim analysis of the APEX study is the first report to assess the safety of DMF in Japanese subjects with RRMS over a 72-week period. The results of this analysis indicate that DMF was well tolerated in this subject The results of this study are consistent with published literature. The overall incidences of AEs in the PBO and the DMF twice daily groups in the DEFINE study were 95% and 96%, respectively [9] , and in the CONFIRM study they were 92% and 94%, respectively [8] . In addition, the proportions of patients who experienced an SAE in the PBO and the DMF twice daily groups were 21% and 18%, respectively, in the DEFINE study [9] and 22% and 17%, respectively, in the CONFIRM study [8] . In the present study, 84% of patients in the PBO group and 95% of patients in the DMF group experienced at least one AE during Part I, while 19% of patients in the PBO group and 18% of patients in the DMF group experienced SAEs. Therefore, the results of the present study are in line with those of pivotal studies and indicate that, in subjects with RRMS, the overall incidence of AEs and SAEs with DMF is similar to that with PBO.
ENDORSE is a long-term extension study that combines the patient cohorts of DEFINE and CONFIRM studies [10] . At 5 years of followup, the incidences of AEs and SAEs in patients who were randomised to DMF twice daily during one of the main studies and then continued to receive DMF twice daily during ENDORSE were 91% and 22%, respectively, while in patients who were initially randomised to PBO and then switched to DMF twice daily, they were 95% and 24%, respectively [10] . In the current APEX interim analysis, the duration of follow-up was shorter than in ENDORSE, but the incidences of AEs (PBO/DMF: 91%; DMF/ DMF: 91%) and SAEs (PBO/DMF: 15%; DMF/ DMF: 13%) were broadly similar and continued the trend towards fewer SAEs with DMF compared with PBO that was observed in short-term studies. A more adequate comparison will be performed once the final data from the APEX study (4.5 years) are available.
AEs that had an incidence of 2% higher in the DMF group than the PBO group during Part I of the present study include flushing (14% vs 3%) and gastrointestinal events such as diarrhoea (14% vs 9%), nausea (11% vs 7%), vomiting (5% vs 0%), abdominal pain (7% vs 0%) and gastroenteritis (5% vs 0%). These findings are also consistent with the results of pivotal trials, where flushing and gastrointestinal events were identified as the most common AEs associated with DMF therapy [8, 9] . At week 72, 52% of subjects in the PBO/DMF group and 41% of subjects in the DMF/DMF group had relapses of MS. These results may seem higher than in previous studies with DMF [8, 9] , but this was most likely due to the differences in baseline disease activity of subjects. For example, in the integrated analysis of DEFINE and CONFIRM in Caucasian subjects at 2 years, MS relapse occurred in 47% and 44% of patients in the two studies' placebo groups, and in 29% and 28% of patients in the DMF groups, respectively [15] . At the end of the 24-week placebo-controlled period of APEX, the proportion of subjects with a relapse of MS was 47% in the placebo group and 29% in the DMF group, which are similar to 2-year results of the DEFINE and CONFIRM studies [15] . However, this does not imply lower efficacy of DMF in a Japanese population, since DMF reduced the annualised rate of relapse (ARR) by 48% at 24 weeks in (13) 52 (100) 11 (21) [ 8-9 45 (100) 11 (24) 51 (100) 14 (27) [ 9-10 44 (100) 8 (18) 50 (100) 14 (28) [ 10-11 44 (100) 6 (14) 49 (100) 11 (22) [ 11-12 44 (100) 11 (25) 49 (100) 11 (22) Data are presented as n (%) AE adverse event, DMF dimethyl fumarate, PBO placebo APEX, comparable to the 49% reduction in ARR at 2 years in DEFINE and CONFIRM [15] . The difference between the APEX findings and the DEFINE/CONFIRM findings cannot be attributed to pharmacokinetic differences between Japanese and Caucasian patients, because data suggest that the pharmacokinetics of DMF are similar in Japanese and non-Japanese patients. A phase 1 study found no significant differences in the pharmacokinetics of monomethyl fumarate, a metabolite of DMF, among Japanese, Chinese and Caucasian participants (unpublished data).
Most AEs of special interest occurred during the first weeks of treatment with DMF and resolved without intervention. The incidence of flushing, as well as gastrointestinal events, was lower during Part I of the present study (14%) compared with patients who received DMF twice daily in the DEFINE (38%) [9] and CON-FIRM (31%) studies [8] . However, it should be noted that the duration of these pivotal studies was 2 years while the duration of Part I of the present study was 24 weeks, which could have affected the frequency of these AEs. Other possible explanations include administration of DMF with food in the APEX study. Because flushing develops on the same or the next day after administration, it is thought to result from an acute inflammatory reaction that is, at least in part, prostaglandin-mediated [16] . It may be that Japanese patients have a relatively lower propensity for this response. Furthermore, it might be more difficult to identify flushing in some Japanese patients compared with Caucasians because of the fairer skin of the latter. In addition, mean eosinophil count and the levels of ALT and AST at week 4 after DMF initiation increased in the DMF group during Part I and in the PBO/DMF group during Part II. These increases were transient and asymptomatic in both instances and resolved without any intervention. Furthermore, the magnitude of the decreases in lymphocyte count observed in the present study (17%) were lower than in an integrated analysis that included a Phase IIb study, as well as DEFINE, CONFIRM and ENDORSE (approx. 30%) [17] . This lymphocyte count decrease did not lead to discontinuation of DMF in the present study. Currently available data indicate that flushing, gastrointestinal events, reduction of lymphocyte count and increased ALT and AST levels are commonly associated with DMF therapy. Close monitoring of these events is essential: flushing and gastrointestinal events should be monitored during the first 3 months of treatment, lymphocyte count and complete blood count should be monitored at baseline followed by at least every 3 months, and liver and renal function tests at baseline and regularly throughout the treatment period [18] . In addition, recommendations for the management of gastrointestinal events associated with DMF therapy in RRMS patients have been developed by a panel of investigators from the DEFINE and CONFIRM studies and a Delphi panel of US clinicians [19] . These recommendations include educating patients about the adverse events associated with DMF therapy before treatment initiation, administering DMF with food, slow titration and dose reduction, as well as symptomatic treatment. A study conducted in German patients with MS reported improved adherence to DMF therapy with individualised patient counselling programs [20] .
The main limitation of the present interim analysis was the relatively low number of patients. This may have prevented detection of rare AEs. This shortcoming may be addressed in an ongoing all-case surveillance program currently being conducted under real-world conditions in Japan.
CONCLUSIONS
The results of the present interim analysis of the randomised, placebo-controlled APEX study and its open-label extension demonstrate that DMF has a favourable safety profile in Japanese patients with RRMS, with fewer patients developing flushing and related symptoms and a lower reduction in lymphocyte count compared with previous studies conducted in mostly Caucasian patients with RRMS.
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